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In cetaceans, increased body flexibility is associated with increased maneuverability, this
affects the animal’s swimming speed and foraging behavior. A more stable body form is
associated with fast swimming and wide turns. One factor that affects the flexibility of a
cetacean’s body is the structure and interaction of its vertebrae. Differences in vertebral
morphology confer different muscular insertion sites and affect mechanical properties of
swimming muscles. We studied vertebral morphology in four closely related and partially
sympatric dolphin species from the Southern Hemisphere: Commerson’s dolphin
(Cephalorhynchus commersonii), Peale’s dolphin (Lagenorhynchus australis), the dusky
dolphin (Lagenorhynchus obscurus) and the hourglass dolphin (Lagenorhynchus
cruciger). The former two species are usually considered coastal, associated with
complex habitats where foraging strategies require greater maneuverability; they also
show plasticity in their prey preferences. The latter two species are considered fast-
swimming cooperative feeders, with long distance movements reflecting prey availability
in pelagic habitats. We employed three-dimensional (3D) geometric morphometric
techniques and multivariate analyses to evaluate differences in vertebral morphology.
Our analyses tested whether particular morphologies that limit or enhance flexibility were
associated with preferred habitats and feeding strategies. We established links between
morphology and behavioral patterns based on the biomechanical significance of specific
vertebral morphological features. Principal component analyses (PCA) showed great
differentiation between species in all the studied regions along the vertebral column. This
was especially evident in the middle area, except in the case of dusky and hourglass
dolphins which showed no discernible morphological difference in their mid-column
vertebrae. PCA results were supported by statistically significant Mahalanobis distances
(MD) between species. Species associated with complex habitats and behaviors
possessed morphological features associated with greater flexibility of the column
(i.e., spool-shaped vertebrae with short erect processes), whereas cooperative-feeder
species possessed features associated with greater stability (i.e., disk-shaped vertebrae
with long strongly bent processes). In these closely related and partially sympatric
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dolphins, vertebral morphology is distinctive and varies with the differential foraging
strategies and habitat of each species. These findings reveal morphological plasticity
among these dolphin species, highlighting the importance of behavioral complexity and
of habitat use in the evolutionary development of morphological adaptations.
Keywords: dolphin, flexibility, geometric morphometrics, maneuverability, southern hemisphere, vertebral
morphology
INTRODUCTION
Feeding strategies in cetaceans are associated with particular
foraging habitats and the movement and locomotive abilities
that they require. Cetacean morphologies that have evolved in
different habitats may therefore reflect the particular selective
pressures of those habitats (Ballance, 2018) and, specifically, the
rigidity and flexibility of a cetacean’s body might reflect the
locomotive demands of its habitat. Considering that cetacean
bodies are not rigid and show variable flexibility (Pabst,
1993, 2000; Long et al., 1997), greater flexibility has been
associated with greater maneuverability (Fish and Rohr, 1999;
Fish, 2002). Conversely, a stable morphology would minimize
energy costs and increase efficiency during prolonged swimming
(Fish and Rohr, 1999). The more stable the body the more
favored these animals are to inhabit pelagic habitats (Fish,
2002). Body stabilization systems can be active or passive:
active systems involve neurological activation of musculoskeletal
components at expense of energy, whereas passive systems
include morphological traits, such as vertebral morphology,
and physical tissue properties that do not incur energetic costs
(Fish et al., 2003).
The vertebral column of a dolphin distributes forces that
contribute to the movement of its body and controls its
bodily deformation pattern (Gal, 1992, 1993a; Long, 1992,
1995; Pabst, 1993). The flexibility of a dolphin’s vertebral
column is determined by many traits including development and
composition of muscles and ligaments, the composition and size
of intervertebral disks, and the structure and interactions of the
vertebrae (Gal, 1993b; Long et al., 1997; Koob and Long, 2000).
Vertebral morphology and flexural mechanisms vary regionally
along the vertebral column and might help determine the pattern
of force transference and deformation along the body axis
(Long et al., 1997).
Variations in vertebral structure can reinforce or limit
movements between adjacent vertebrae. These variations occur
mainly in the shape of the centrum, its spacing, the structure and
orientation of the vertebral processes, the number of vertebrae,
and the development of accessory structures (Buchholtz and
Schur, 2004; Marchesi et al., 2017). The vertebral centrum is
the primary mechanical support of the column and its shape
affects the angle of rotation and displacement of one vertebra
relative to its adjacent vertebrae (Slijper, 1936, 1946; Crovetto,
1991; Long et al., 1997; Buchholtz, 2001; Buchholtz and Schur,
2004; Rommel and Reynolds, 2018). Both neural and transverse
processes are sites of origin and insertion for muscle fibers
and series of long tendons (Pabst, 1990). The development of
these processes affects the insertion area, and their length and
orientation determine the distance between insertion sites along
the longitudinal axis of the body (Slijper, 1936, 1961; Pabst, 2000).
The larger the distance, the greater lever arm and mechanical
advantage of the muscle. The main accessory structures are
the zygapophyses (articulation facets among vertebrae). In the
cervical region, these are included in the neural arches; in the
anterior half of the thoracic region, pre- and post-zygapophyses
are distinguishable. They are located on the transverse processes
and their horizontal orientation indicates a potential for axial
rotation and lateral movements (Rommel and Reynolds, 2018).
From the mid-thorax to the peduncle, the zygapophyses are
located on the anterior edge of the neural spine and have a
vertical orientation allowing dorso-ventral movements (Rommel
and Reynolds, 2018). These types of zygapophyses are known
as metapophyses (Buchholtz and Schur, 2004). They provide
insertion sites for the deep tendon; a tendinous system for
the m. multifidus and m. longissimus, the main effectors of
column extension (Pabst, 2000). Variations in the height of the
metapophyses affect the mechanics of their associated muscles
systems (Buchholtz and Schur, 2004; Marchesi et al., 2017). In
certain areas along the column, the metapophyses may overlap
with the neural process of the vertebra cranially adjacent to
them and restrict rotation movements between these vertebrae
(Buchholtz and Schur, 2004).
Flexible and stable areas of the column show particular
combinations of these anatomical features (Table 1; Buchholtz
and Schur, 2004; Woodward, 2006). Vertebrae from flexible
areas are characterized by a long centrum, small centrum
faces with high curvature, short but strongly inclined neural
processes, metapophyses that do not overlap with adjacent
vertebrae, and short transverse processes. Complementarily,
vertebrae from stable regions have short centra with large flat
or concave faces, tall neural processes that are perpendicular
to the body’s longitudinal axis, long transverse processes, and
high metapophyses that overlap with the neural processes of
TABLE 1 | Combination of vertebral features in flexible and stable areas of the
vertebral column for cetaceans based on Buchholtz and Schur (2004)
and Woodward (2006).
Flexible area Stable area
Centrum length (a-p) Long Short
Centrum faces Small and round (convex) Large and flat (concave)
NP Short and inclined Long and erect
TP Short Long
Metapophyses Placed low on NP Placed high on NP
NP, neural processes; TP, transverse processes.
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adjacent vertebrae (Table 1). Woodward (2006) suggests that
slow swimming species have features characteristic of a more
flexible vertebral column whereas pelagic, fast-swimming species
have osteological features characteristic of a more stable column.
This pattern has been documented for two dolphin species
(Marchesi et al., 2017). Moreover, certain features such as low
vertebral count and long centra have been associated with species
that occupy coastal habits; predicting that a high vertebral count
and disk-shaped centra would be associated with species that
occupy pelagic habits (Buchholtz and Schur, 2004).
It is expected that sympatric species should show behavioral
and physiological strategies and accompanying morphological
adaptations that minimize competition and maximize the
possibility of occupying different niches (see Gross et al.,
2009). Commerson’s dolphin (Cephalorhynchus commersonii),
Peale’s dolphin (Lagenorhynchus australis), the dusky dolphin
(Lagenorhynchus obscurus) and the hourglass dolphin
(Lagenorhynchus cruciger) are closely related species belonging
to the subfamily Lissodelphininae (Figure 1; see Vollmer et al.,
2019; Committee on Taxonomy, 2020; McGowen et al., 2020).
They inhabit the Southern Hemisphere with partially sympatric
distributions overlapping in different areas of their geographic
ranges but differing in their habitat preferences. The former two
species are considered coastal associated with complex habitats
where foraging strategies require greater maneuverability;
and accordingly, they show plasticity in their prey preference
(see Goodall, 1994; Goodall et al., 1997b,c; Coscarella et al.,
2010; Riccialdelli et al., 2010; Garraffo et al., 2011; Dellabianca
et al., 2016; Franchini et al., 2020). The latter two species are
considered fast-swimming cooperative feeders that forage on
pelagic prey exhibiting long-distance displacements that reflect
prey availability in pelagic habitats (see Würsig and Würsig,
1980; Goodall et al., 1997a; Schiavini et al., 1999; Riccialdelli
et al., 2010; Degrati et al., 2012).
In this study we compare the vertebral morphology of these
four closely related Southern Hemisphere dolphin species with
different feeding strategies and prey preferences. We showed how
differences in vertebral morphology suggest particular selective
pressures imposed by the biomechanical demands of particular
habitats and associated foraging strategies.
FIGURE 1 | Relationships within Lissodelphininae (see Vollmer et al., 2019;
McGowen et al., 2020).
MATERIALS AND METHODS
Specimens
We studied a total of 100 specimens including 37 Commerson’s
dolphins, 24 Peale’s dolphins, 29 dusky dolphins, and 10
hourglass dolphins. All the specimens are housed in mammalogy
collections and listed in Supplementary Material 1. Due to
a low number of adult specimens, we included both sub-
adult and adults in the analyses. Specimens were classified into
ontogenetic classes based on the degree of fusion of the vertebral
epiphyses, according to the criterion proposed by Perrin (1975)
and modified by Goodall et al. (1988) and Lockyer et al. (1988).
Functional Subdivision of the Vertebral
Column and Vertebrae Selection
Regional morphological differences along the vertebral columns
of different dolphins may indicate how swimming style may
varies between species (Buchholtz, 2001; Buchholtz and Schur,
2004; Marchesi et al., 2018). Buchholtz and Schur (2004)
suggested an approach to vertebral column functional analyses,
specific to dolphins, that redefines regions of the column into
functional subdivisions. This approach yields a detailed analysis
of the morphological variation within each region, focusing on
traits with functional implications that could be masked under
the traditional regional criterion (e.g., Buchholtz and Schur,
2004; Marchesi et al., 2020b). Based on this functional approach,
traditional lumbar and caudal regions are divided into three
functional regions: torso, tailstock, and fluke (Figure 1). The
torso includes all vertebrae between the thoracic region (last
rib bearing vertebra) and the first vertebra that is taller than
wide, which is thereby the anterior boundary of the tailstock
(Figure 2; see also Marchesi et al., 2018). The torso is further
divided into three sub-regions: anterior, mid-, and posterior
torso. Vertebrae on which the neural spine inverts its inclination
define the anterior and posterior boundaries of the mid-torso (see
Buchholtz and Schur, 2004; Marchesi et al., 2017, 2018). Tailstock
vertebrae are those that are taller than wide, and fluke vertebrae
are much wider than tall, and have rectangular cross sections. For
our four studied species, boundaries for the functional regions
were determined following Marchesi et al. (2017, 2018).
We selected a maximum of nine vertebrae from each
specimen, representing those functional regions and their
boundaries, yielding a total of 595 vertebrae (Table 2). Some
specimens were incomplete (lacking caudal vertebrae) or
damaged (lacking epiphyses). For this reason, the number of
vertebrae included for each region does not correspond with the
number of specimens studied. As the number of vertebrae varied
both within regions (especially the torso) and between species,
we chose the vertebrae based on their position with respect to the
functional regions described previously (Table 3 and Figure 2).
The atlas-axis complex was chosen to represent the cervical
region (Cv). The first thoracic vertebra was selected to represent
the anterior thorax (Th), the sixth thoracic vertebra represented
the mid-thorax (Thm), the last thoracic vertebra represented the
thorax-anterior torso boundary (ThTa), and the first vertebra
with a neural spine perpendicular to the longitudinal body axis
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FIGURE 2 | Skeleton of the hourglass dolphin (Lagenorhynchus cruciger) showing traditional and functional subdivision of the vertebral column in dolphins. In red
are shown the vertebrae selected from each vertebral column. Cv, cervical; Th, anterior thorax; Thm, mid-thorax; ThTa, thorax and anterior torso boundary; TaTm,
anterior and mid-torso boundary; Tm, mid-torso; TmTp, mid-posterior torso boundary, Tp: posterior torso; TS, tailstock; Scale, 5 cm.
signaled the anterior and mid-torso boundary (TaTm). We chose
the central vertebra in the mid-torso (Tm) to represent that
region, and the second vertebra with a neural spine perpendicular
TABLE 2 | Sample size for each region of the four studied species: Commerson’s
dolphin (Cephalorhynchus commersonii), Peale’s dolphin (Lagenorhynchus
australis), dusky dolphin (Lagenorhynchus obscurus), and hourglass dolphin
(Lagenorhynchus cruciger).
Cv Th Thm ThTa TaTm Tm TmTp Tp TS Total
C. commersonii
A 13 14 15 10 13 12 12 14 13
SA 17 16 15 17 15 13 16 13 13
L. australis
A 2 4 3 2 1 1 1 2 -
SA 11 9 7 6 6 2 4 4 6
L. obscurus
A 7 8 7 8 7 6 5 6 7
SA 14 17 15 15 16 14 16 16 16
L. cruciger
A 4 5 5 5 5 5 4 4 4
SA 3 4 3 4 4 3 4 4 3
Total 71 77 70 67 67 56 62 63 62 595
A, adults; SA, subadults. See Figure 2 for region names.
TABLE 3 | Vertebrae employed to characterize each particular region or boundary
in Commerson’s dolphin (Cephalorhynchus commersonii), Peale’s dolphin
(Lagenorhynchus australis), dusky dolphin (Lagenorhynchus obscurus), and
hourglass dolphin (Lagenorhynchus cruciger).
Cv Th Thm ThTa TaTm Tm TmTp Tp TS
C. commersonii 1-2 08 14 20 27 36 44 46 50
L. australis 1-2 08 14 20 26 36 45 48 53
L. obscurus 1-2 08 14 20 25 36 50 53 57
L. cruciger 1-2 08 14 20 24 36 50 52 57
Numbers denote vertebra position in the column. See Figure 2 for abbreviations.
In the Cv, 1-2 represents fusion between atlas and axis.
to the body axis (synclinal point sensu Slijper, 1946) to represent
the mid- and posterior torso boundary (TmTp). We chose the
central vertebra in the posterior torso (Tp) to represent that
region and, finally the central vertebra of the tailstock (TS)
was chosen (Figure 2). If a region contained an even number
of vertebrae and a central vertebrae could not be chosen, we
selected the vertebra immediately anterior to the center of the
region; for example, in a region with four vertebrae, the second
vertebra was chosen.
3D Geometric Morphometrics
Geometric morphometric tools allow the visualization of shapes
in complex structures (Zelditch et al., 2004). These methods
are based on the spatial displacement of landmarks (Bookstein,
1996a,b). Sometimes the use of landmarks may not be sufficient,
either because they cannot be identified on structures, or because
morphological features lack anatomically homologous points
(e.g., curved surfaces, outlines; Oxnard, 1978). This is the case
of vertebrae, where the primary homology of vertebral structure
is based on the outline of the vertebra. When landmarks are too
scarce, outlines can be digitized as series of discrete points (semi-
landmarks, see Pérez et al., 2006). This outline method does not
differ fundamentally from conventional landmark methods in
the way it handles biological homology (MacLeod, 1999; Sheets
et al., 2004). The semi-landmarks must be slid along a tangential
direction so as to remove tangential variation because contours
should be homologous from subject to subject, whereas their
individual points need not be (Pérez et al., 2006). After Procrustes
superimposition (see below), semi-landmarks can be considered
homologous (see Pérez et al., 2006) and for simplicity, we refer to
them as landmarks. We used a similar approach to that employed
by Maddux and Franciscus (2009) and Paschetta et al. (2016).
In order to maximize the information on shape and preserve
the 3D nature of the vertebrae, we developed three radiated
figures to be projected on the vertebrae in order to allocate
landmarks (Supplementary Figure 1; see also Marchesi et al.,
2020b). We projected an “asterisk” (Supplementary Figure 1A)
on each face of the centrum in order to allocate landmarks.
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This projection was positioned so that its center would coincide
with the anatomical landmark on the center of the centrum face.
Accordingly, the vertical line of the “asterisk” passed through
the vertical axis of the neural spine (see also Marchesi et al.,
2020a). After positioning the projection, we placed one landmark
in the center of the face and landmarks on the centrum outline
at the intersection of the equiangular radial arrangement and
the centrum face outline. This was done first as we digitized
the anterior face, then we rotated the vertebra 180 and digitized
the posterior face. For the neural process, we projected a radii
arrangement (Supplementary Figure 1B) laterally from the left
in such a way that the most external radii passed through
the junction between the neural arch and the neural spine.
We placed four landmarks (two anterior and two posterior) at
the intersection of the inner radii and the process outline. In
a similar manner, we projected a radii arrangement dorsally
(Supplementary Figure 1C) in such a way that the most external
radii passed through the tip of the transverse processes and
the middle radius passed through the neural process. Finally,
we placed four landmarks (two anterior and two posterior)
on each process.
By using the methods described above, we digitized
five original 3D landmark configurations, containing 28–
41 landmarks depending on the region (Supplementary
Figure 2 and Supplementary Table 1) using a Microscribe G2X
digitizer. These landmark configurations were superimposed
by generalized procrustes analysis (GPA; Rohlf and Slice, 1990;
Goodall, 1991) using the routine implemented in MorphoJ 1.06d
(Klingenberg, 2011). After GPA, the size variable is the centroid
size (CS), which is the square root of the summed squared
distances of each landmark from the centroid of the landmark
configuration (Klingenberg, 2011). Shape variables are the new
coordinates that describe the location of each specimen in a
curved space related to Kendall’s shape space and represent the
difference between the consensus (mean shape) and each sample
(Slice, 2001). In all cases, we employed the symmetric component
of shape (Klingenberg, 2011).
Our sample included adult and sub-adult specimens, so
in the multivariate analysis, we removed the effect of size-
dependent shape variation due to ontogenetic size scaling by
performing a multivariate linear regression of shape on the
logarithm of centroid size pooled by species. The shape variation
not affected by allometric scaling remains preserved in the
residuals of such regression, these residuals are used as allometry-
free shape variables in further analyses (Klingenberg, 2016).
Regressions were performed in MorphoJ 1.06d (Klingenberg,
2011). For each region, we assessed qualitatively the major
components of variation among species by using the principal
components analysis (PCA) function included in the MorphoJ
software. Landmarks were not congruent between regions, so
we analyzed the PCA of each region separately. We determined
the statistical significance of differences between species by
computing Mahalanobis distances (MD) between groups, and
we calculated their associated p-values through permutation tests
using the free software R v3.3.3 (R Core Team, 2017) and the
package “Morpho” v2.6 (Schlager, 2017). For this, we employed
principal components (PCs) selected using the Kaiser-Guttman
criterion (Guttman, 1954; Cliff, 1988; Jackson, 1993). The number
of PCs selected varied depending on the region: there were 11 PC
for the Cv, nine for the Th, eight for the Thm, seven for the ThTa,
TmTp, and TS, five both for the TaTm and Tm, and ten for the Tp.
RESULTS
Vertebral regions differed from one another with respect to the
percentage of variance that the first two principal components
explained (Figure 3). This percentage of explained variance was
smaller for regions at the extremes of the vertebral column than in
the mid-area, with the first two principal components explaining
most variance for the Tm (Figure 3).
Detailed analysis of shape changes and anatomical
interpretation of different morphologies are described in
Supplementary Material 2. Shape changes associated with
minimum and maximum values of the first two components
are described in Supplementary Table 2, and shown in
Supplementary Figure 3. Accordingly, shape changes for each
species have been compiled in Table 4. This table contains the
descriptions of particular morphologies of vertebral structures.
Within each region species are organized in such a way that they
show an increase in flexibility (Table 4 and Figure 4). Mean
morphology of each region for the four species is depicted in
Figures 5A–I.
In this study, the cervical region corresponded to the atlas-
axis complex, thus inferences did not include the remaining
five cervical vertebrae. In all these species, Cv3 through Cv7
are highly compressed and in contact with each other (MCM,
personal observation). Slight morphological differences were
evident between species in our analyses of the cervical region.
These interspecific differences were mostly distributed along PC1
and interspecific differences were less distinct along PC2. The
dusky dolphin specimens had PC values closest to the consensus
shape (PC1∼= 0, PC2∼= 0). Vertebral morphology of the hourglass
dolphin was highly variable. Commerson’s dolphin showed the
greatest potential flexibility and the hourglass dolphin showed
the greatest potential stability; the dusky dolphin was less flexible
than Commerson’s dolphin and more flexible than Peale’s dolphin
(Table 4 and Figure 4). This pattern in flexibility degrees was also
observed for the two following regions: the thorax and the mid-
thorax.
At the beginning of the thorax (Th), two groups were
differentiated along PC1: one group consisting of only
Commerson’s dolphin (PC1 < 0, PC2 ∼= 0), and the other
group consisting of Peale’s and the hourglass dolphin; the
dusky dolphin’s equal frequency ellipse (PC1 ∼= 0, PC2 ∼= 0)
partially overlapped both groups (Figure 3). PC2 allowed further
separation between Peale’s dolphin (PC1 > 0, PC2 > 0) and the
hourglass dolphin (PC1 > 0, PC2 ≤ 0).
In the mid-thorax the analyses showed three groups along
PC1. One group consisted of Commerson’s dolphin (PC1 > 0,
PC2 ∼= 0), the second group was formed by Peale’s dolphin and
the dusky dolphin (PC1 ∼= 0), and the third group included
only the hourglass dolphin (PC1 > 0, PC2 > 0; Figure 3).
PC2 allowed further separation between Peale’s dolphin and the
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TABLE 4 | Shape changes for each region of the four species: Commerson’s dolphin (Cephalorhynchus commersonii), Peale’s dolphin (Lagenorhynchus australis), dusky
dolphin (Lagenorhynchus obscurus), and hourglass dolphin (Lagenorhynchus cruciger).
Flexibility stability
Long compressed
Cv C. commersonii L. obscurus L. australis L. cruciger
F Smaller Consensus Larger Average
NP Highest, Slender Consensus Shorter, +Robust Shortest, +Robust
TP Longest Consensus +Robust +Robust
Th C. commersonii L. obscurus L. australis L. cruciger
F Smaller Consensus Larger Larger
NP Higher due to NA Consensus Short, Robust Longest
TP Shortest Consensus Long Longest
PZ Largest Consensus Smaller, High Smaller, High
Thm C. commersonii L. obscurus L. australis L. cruciger
F Smallest Consensus Larger Largest
NP Highest due to NA Consensus Short, Robust Shortest, Slender
TP Shortest, +V ext. Consensus Longer, +D ext. Longer
PZ Larger, +Ant. Consensus Larger, Wider ext. Average, Closer ext.
ThTa C. commersonii L. australis L. obscurus–L cruciger
F Smaller Larger Average size Short, Slender, −Post. Incl. Long, ⊥ to A-P Less-developed
NP +Post. Incl. High, Robust, ⊥ to A-P
TP Short, Robust, Post. Incl. Long, Robust, +Post. Incl.
MZ Well-developed, High Average
TaTm C. commersonii L. australis L. obscurus L. cruciger
F Smaller Larger Average Average
NP Long, Robust, Curved Ant. Long, Robust, ⊥ to A-P Long, Slender, ⊥ to A-P Long, Slender, ⊥ to A-P
TP + Post. Incl. − Post. Incl., + V Ext. Long, Slender, Curved Ant. Long, Slender, Curved Ant.
MZ High Larger Smaller, Low Larger, Low
Tm C. commersonii L. australis L. obscurus – L. cruciger
F Larger Larger Average Long, Slender, Ant. Incl. Long, + Ant. Incl., + D Ext. Absent
NP Long, Robust, + Ant. Incl. Long, Wide, − Ant. Incl.
TP Short, Curved, − Ant. Incl. Long, ⊥ to A-P
MZ Larger, High Smaller, Low
TmTp L. australis L. cruciger L. obscurus C. commersonii
F Large Large Small Smallest
NP Longer, Ant. Incl. Slender, ⊥ to A-P Slender, − Ant. Incl. Average Length, + Ant. Incl.
TP Longer, − Ant. Incl. Shorter, Robust, Ant. Incl. Shorter, Ant. Incl. Longer, + Ant. Incl.
MZ Smallest Average, High Largest, High Larger, High
Tp L. australis L. cruciger L. obscurus C. commersonii
F Largest Larger, Slightly convex Post. is Convex Smaller, convex
NP Shorter Shorter Taller Average Length
TP Consensus shape Largest for the genus Smallest Larger
MZ Low Small Larger, mid-height High, Ant. Position
TS L. obscurus L. australis L. cruciger C. commersonii
F High Lat. Compression Convex Lat. Compression Most convex Lat. Compression Slightly convex Small, Highly Convex
NP Average Shortest Shorter Largest
MZ Largest Almost absent Almost absent Average
Within each region, species are arranged in such way that long centra is depicted on the left side and compressed centra on the right side. Thus, species position is
related with variable degrees of flexibility/stability of a particular region (see Figure 4). Comparisons are made with the consensus shape (PC1 ∼= 0 and PC2 ∼= 0). F, face;
NP, neural process; TP, transverse processes; PZ, pre-zygapophyses; MZ, metapophyses; NA, neural arch; +, more; −, less; V, ventral; D, dorsal; ext., extremes; Post.,
posterior; Ant., anterior; Incl., inclination; ⊥ to A-P, perpendicular to antero-posterior axis; Lat, lateral. See Figure 2 for references on the functional regions.
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FIGURE 3 | Plot of the first two principal components (PC1 and PC2) scores for the four species: Commerson’s dolphin (Cephalorhynchus commersonii; red),
Peale’s dolphin (Lagenorhynchus australis; orange), dusky dolphin (Lagenorhynchus obscurus; light blue), and hourglass dolphin (Lagenorhynchus cruciger; purple)
for each studied region (see Figure 2 for region names). Equal frequency ellipses are shown for each species. Percentage of explained variance is depicted for each
PC and region.
dusky dolphin (PC2 < 0 and PC2 ∼= 0, respectively). The dusky
dolphin showed morphologies associated with the consensus
shape for the Tm region.
At the thorax-torso boundary (ThTa) three groups were
observed. Commerson’s dolphin and Peale’s dolphin, had
negative PC1 values (PC1 < 0) but opposite values in PC2
(PC2 > 0 and PC2 < 0, respectively). The third group was formed
by dusky and hourglass dolphins (PC1 > 0, PC2 ∼= 0; Figure 3).
Species showed different degrees of stability: Commerson’s
dolphin was the most flexible, and the group formed by the dusky
dolphin and hourglass dolphin the most stable. Peale’s dolphin
had features indicating intermediate flexibility between these two
groups (Table 4 and Figure 4).
In the anterior-mid-torso boundary (TaTm) we identified two
distinct groups along PC1. The first group consisted only of
Commerson’s dolphin with negative PC1 values (PC1 < 0), and
the second group included partially overlapping equal frequency
ellipses for Peale’s dolphin, the dusky dolphin, and the hourglass
dolphin (Figure 3). There were slight differences in PC1 values
among these three species, increasing from Peale’s dolphin to
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FIGURE 4 | Schematics representing the variable degrees of flexibility/stability along the vertebral column of the four species studied: Commerson’s dolphin
(Cephalorhynchus commersonii), Peale’s dolphin (Lagenorhynchus australis), dusky dolphin (Lagenorhynchus obscurus), and hourglass dolphin (Lagenorhynchus
cruciger; see Table 4). Black lines depict functional regions. Colored rectangles correspond to position of the studied vertebra with respect to functional regions.
Numbers indicate the position of the studied vertebra for each species (see Table 3). Absence of numbers indicate lack with difference with Commerson’s dolphin.
See Figure 2 for references on functional regions.
dusky, and to hourglass dolphin. Peale’s dolphin also differed
in its PC2 values (PC2 < 0). The pattern of flexibility observed
in this vertebral region was similar to that observed in anterior
regions of the column (Cv, Th, and Thm): Commerson’s dolphin
showed morphological features associated with the greatest
flexibility and the hourglass dolphin exhibited features associated
with greater stability in the vertebral column (Table 4 and
Figure 4).
Principal component analysis of the mid-torso showed three
distinct groups along the first component. One group contained
Commerson’s dolphin (PC1 < 0, PC2 ∼= 0), the second group
consisted of Peale’s dolphin (PC1 ∼= 0, PC2 < 0), and the third
group was formed by the dusky dolphin and the hourglass
dolphin (PC1 > 0, PC2∼= 0; Figure 3). Once again, Commerson’s
dolphin showed features related with greater flexibility whereas
the dusky dolphin and the hourglass dolphin showed features
associated with greater stability (Table 4 and Figure 4).
For the two studied regions involving the posterior torso
(TmTp and Tp) two groups were distinguishable along PC1: one
group comprising Peale’s dolphin, the dusky dolphin and the
hourglass dolphin (PC1 < 0), and the other group consisting of
Commerson’s dolphin (PC1 > 0; Figure 3). Species within the
first group could be further separated according to PC2 values:
the ellipse for the hourglass dolphin (PC2 ∼= 0) only partially
overlapped the ellipses of Peale’s (PC2 < 0) and the dusky dolphin
(PC2 > 0). In both these regions, Peale’s dolphin showed the
most potentially flexible area whilst Commerson’s dolphin was
the most stable (Table 4 and Figure 4).
Principal components analysis analyses for the most caudal
area that we analyzed, the tailstock (TS), showed a similar pattern
of interspecific differences as was seen in the two previous regions
(TmTp and Tp). There were two distinguishable groups along
PC1, and PC2 values allowed separation between the dusky
dolphin and Peale’s dolphin and hourglass dolphin (Figure 3).
The dusky dolphin showed the greatest degree of flexibility and
Commerson’s dolphin had the most stable tailstock.
Mahalanobis distances indicated statistical differences among
all species for the first three analyzed regions (Cv, Th, and
Thm). Vertebrae at the beginning of the thorax (ThTa) did
not show significant morphological differences between the
dusky dolphin and the hourglass dolphins. In the mid-torso
(Tm) vertebral morphology was significantly different between
Commerson’s dolphin and the Lagenorhynchus species, but
not between the three Lagenorhynchus species. At the mid-
posterior torso boundary (TmTp) vertebral morphology was
not significantly different between Peale’s dolphin and the
hourglass dolphin. In the final two regions analyzed, the
posterior torso (Tp) and the tailstock (TS), vertebrae showed
no significant morphological differences between Peale’s and
hourglass dolphins and also between the dusky and hourglass
dolphins but did show significant morphological differences
between Peale’s and dusky dolphins.
DISCUSSION
Morphological Differences and Factors
Affecting Swimming
A comprehensive morphological characterization of the vertebral
column contributes greatly to an understanding of the locomotor
performance of different cetacean species that inhabit different
habitats and exhibit different foraging strategies. Factors that
affect locomotion involve a complex interaction between the axial
skeleton and its associated muscles, tendons, ligaments, and the
subdermal connective tissue sheath (SDS; see Pabst, 1990). Here,
we performed a complete characterization of the major functional
regions (Figure 2) of the vertebral columns of four closely related
and partially sympatric dolphin species, with an emphasis on
biomechanically important morphological differences.
For delphinids, high stability in the anterior area of the body
reduces pitching movements that are produced in response to
forces generated at the caudal end of the body (Fish et al., 2003),
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FIGURE 5 | Mean vertebral morphology of the four species: Commerson’s dolphin (Cephalorhynchus commersonii), Peale’s dolphin (Lagenorhynchus australis),
dusky dolphin (Lagenorhynchus obscurus), and hourglass dolphin (Lagenorhynchus cruciger) for each studied region (A–I) in anterior (A), dorsal (D), and left lateral
(L) view.
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TABLE 5 | Mahalanobis distances among Commerson’s dolphin
(Cephalorhynchus commersonii), Peale’s dolphin (Lagenorhynchus australis),
dusky dolphin (Lagenorhynchus obscurus), and hourglass dolphin
(Lagenorhynchus cruciger), for each functional region and their
statistical significance.
L. australis L. obscurus L. cruciger
Cv
C. commersonii 7.49*** 5.26*** 7.35***
L. australis – 5.71*** 4.46**
L. obscurus – – 4.95***
Th
C. commersonii 7.66*** 5.56*** 7.06***
L. australis – 5.72*** 4.34**
L. obscurus – – 5.09***
Thm
C. commersonii 6.42*** 6.57*** 7.47***
L. australis – 3.95*** 6.49***
L. obscurus – – 4.69***
ThTa
C. commersonii 10.09*** 7.79*** 8.85***
L. australis – 7.24*** 6.87***
L. obscurus – – 3.48
TaTm
C. commersonii 6.64*** 7.45*** 10.04***
L. australis – 5.20*** 5.29**
L. obscurus – – 4.08*
Tm
C. commersonii 10.97*** 12.58*** 12.56***
L. australis – 6.38 5.99
L. obscurus – – 1.64
TmTp
C. commersonii 9.25*** 7.71*** 9.41***
L. australis – 5.11* 3.34
L. obscurus – – 3.89*
Tp
C. commersonii 12.86*** 10.13*** 12.16***
L. australis – 5.63* 3.18
L. obscurus – – 4.49
TS
C. commersonii 11.78*** 9.11*** 10.03***
L. australis – 4.88* 2.58
L. obscurus – – 4.32
See Figure 2 for abbreviations on region names. *p < 0.05, **p ≤ 0.01,
***p ≤ 0.001.
ultimately reducing the energetic requirements of swimming
(Long et al., 1997; Fish et al., 2003). This stable region determines
the degree to which the head can move, based on the shape of
its articular faces. Vertebral processes of the studied vertebrae
(fused first and second cervical vertebra) act as attachment sites
for muscles associated with the head but also for the most anterior
region of epaxial swimming muscles (Pabst, 1993, 2000; Cozzi
et al., 2017). Thus, morphology of this stable region affects the
most anterior sites of the muscles affecting the extension of the
column. In Commerson’s dolphin, a species usually considered
to be coastal, the cervical region showed a higher degree of
flexibility and development potential for muscles involved in
lateral movements of the head. This region in Peale’s dolphin
showed morphology that indicated less flexibility (Figures 4, 5A).
One of the main functions of the thorax is to assist with
breathing during locomotion (Cotten et al., 2008). Piscitelli et al.
(2010) did not find differences in thorax flexibility between the
shallow-diving coastal bottlenose dolphins (Tursiops truncatus)
and deep-diving pelagic pygmy and dwarf sperm whales (Kogia
breviceps and Kogia. sima). In contrast, Marchesi et al. (2020a)
found morphological differences related to potential differences
in thorax flexibility in the four species studied here. This
finding was also supported here, as the thoracic region showed
heterogeneity in vertebral morphology, allowing to identify two
potentially stable areas (Th and ThTa). Mechanical analyses in
common dolphins (Delphinus delphis) showed that intervertebral
joints from the thoracic and the caudal region have similar
rigidity, less than that observed at an intervertebral joint from the
lumbar region. In contrast, Pabst (2000) states that the thoracic
region of the bottlenose dolphin does not show quantifiable
bending during steady swimming, whereas the tailstock does.
The typical rigidity of the thoracic region is caused mainly by
development and morphology of the processes and zygapophyses
of thoracic vertebrae. The ribs, especially those with sternal
connections, stabilize the thorax and limit rotation among
vertebrae (Filler, 1986); further restricting bending in the anterior
region of cetaceans (Fish et al., 2003). Despite this region
being highly conserved among cetacean species, our analysis
established varying degrees of flexibility among our study species,
from the potentially highly flexible thorax of Commerson’s
dolphins to a potentially highly stable thorax in the hourglass
dolphins (Figures 4, 5B,C). The morphology of the vertebral
processes in the hourglass dolphin could be related to a greater
development of the m. longissimus; which could allow more
potential movement of the anterior region with respect to the
middle region of the body.
In delphinids, the torso includes numerous vertebrae with
discoidal centra (Buchholtz and Schur, 2004). This stable area
provides skeletal support (e.g., long neural processes) for muscles
involved in the production of forces acting on the tailstock, the
m. longissimus and its caudal extension, the extensor caudae
lateralis (Pabst, 1990). The more stable this area is, the greater
the force produced by the tailstock. Particularly, the anterior
torso (anterior lumbar area) is where the m. longissimus develops
most of the forces that are transmitted to the posterior region of
the column (Pabst, 1993). Our results showed that, starting at
the beginning of the torso (ThTa), both the anterior and mid-
torso vertebral morphology resulted in more stable regions for
the pelagic species, the dusky dolphin and the hourglass dolphin,
the latter of which had the highest stability (Figures 5D–F).
Less potential stability was observed in the species considered
to be coastal, with Commerson’s dolphin being the most flexible
(Figure 4). Peale’s dolphin processes inclination could indicate
an area with a relatively higher potential for rotation than in
the other species. In our study, patterns of flexibility/stability are
inversely expressed along the different regions of the torso of
the different species (Figure 4). The anterior half of the torso
(ThTa, TaTm, and Tm) is notably more stable in the cooperative
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feeders, the dusky and hourglass dolphins. The caudal half of the
torso (TmTp and Tp) is more stable for Commerson’s dolphin
and more flexible for Peale’s dolphin and the hourglass dolphin
(see Table 4 and Figures 4, 5G–H). Posterior to the TmTp
boundary flexibility increases as processes shorten. The posterior
torso (Tp) therefore represents the transition between the stable
mid-torso and the flexible tailstock, representing the area where
muscle forces are produced needed to change the fluke’s angle
of attack (Pabst, 1990; Marchesi et al., 2017). In the caudal
torso regions (TmTp, and Tp), Peale’s dolphin and the hourglass
dolphin were the species with the greatest potential flexibility,
followed by the dusky dolphin, and finally Commerson’s dolphin
whose posterior torso (TmTp and Tp) showed morphologies
that suggest high stability. For Commerson’s dolphin, the great
development of processes, and the position and orientation of
metapophyses indicates a probable mechanical advantage in the
lateral movement of the fluke. Overall, morphological features are
observed in different areas of the posterior torso for each species
suggesting mechanical advantage for muscles that rotate and flex
(see Table 4 and Figures 4, 5G–H).
The tailstock has a high degree of flexibility and rotation
potential in comparison with other regions of the vertebral
column (Buchholtz and Schur, 2004; Marchesi et al., 2017).
In this region vertebrae are long and taller than wide, with
markedly convex faces; interaction between vertebrae is reduced
by the absence or reduction of processes (Buchholtz and Schur,
2004; Marchesi et al., 2017). The dorso-ventral elongation of
the centra maximizes the potential vertical displacement of the
fluke (Long et al., 1997; Buchholtz and Schur, 2004). Vertebral
morphology of the tailstock showed differences between species,
with Commerson’s dolphin showing features associated with less
flexibility but large insertion sites; the hourglass dolphin and
Peale’s dolphin had morphologies associated with high flexibility
(big convex faces and short neural processes); and the vertebral
morphology of the dusky dolphin suggests that this species has
the greatest flexibility of the four species we compared, both
in terms of rotation and in terms of vertical displacement (see
Table 4 and Figures 4, 5I).
Morphological Differences in Relation to
Habits and Habitat
Phylogenetic relationships and species names within the
subfamily Lissodelphininae are still a matter of debate, with some
genera currently recognized as being polyphyletic (Figure 5;
see Vollmer et al., 2019; Committee on Taxonomy, 2020;
McGowen et al., 2020). One group consisting of sister species,
the Pacific white-side dolphin (Lagenorhynchus obliquidens) and
the dusky dolphin, is well distinguished from the clade formed by
Cephalorhynchus spp., Peale’s dolphin, and the hourglass dolphin;
these latter being sister species (Figure 1). Lissodelphininae
species are thought to have undergone a rapid adaptive
radiation during the Late Miocene/Pliocene (∼5–3.5 Ma) in
the South Atlantic Ocean, mostly attributed to differential
adaptation to local habitats and to dispersal processes (Banguera-
Hinestroza et al., 2014; Galatius and Goodall, 2016; McGowen
et al., 2020). In this study, we suggest that morphological
differences in the vertebral column of these closely related
and partially sympatric species might be accordingly related to
selective pressures arising from differential foraging strategies
and preferred habitats, yielding a direct impact on each
species biomechanical properties and behavioral performance.
As suggested by Fish (2002), features that affect flexibility
and maneuverability in cetaceans might be associated with
both feeding behavior and habitat characteristics. Cetacean
body morphology is subject to a trade-off between drag
during routine movements and the work required to maneuver
(Weihs, 2002).
In their analyses on delphinid osteology, Buchholtz and Schur
(2004) state that the vertebral column of derived species shows
greater regionalization, with features that limit movement in the
region anterior to the torso (cervical and thoracic region) and
increase flexibility at the synclinal point, increasing the vertical
displacement of the pre-caudal vertebrae, the tailstock. According
to these authors, the species in our study could be considered
highly derived with respect to vertebral count and vertebral
morphology. The Pacific white-side dolphin, closely related to
the dusky dolphin (Figure 1), and Commerson’s dolphin have
restricted flexibility and produce faster and wider turns compared
to cetaceans with high maneuverability such as the river dolphin
(Inia sp.; Fish, 2002). In our study, the general morphological
pattern was found to be similar among species; they each
have vertebral columns with features that are considered highly
derived and typical of relatively fast swimmers in comparison
with other odontocetes (Buchholtz and Schur, 2004; Gillet et al.,
2019). At the same time, our detailed analyses allowed us to detect
considerable morphological differences between species with
expected effects on the biomechanical properties of the vertebral
column that can be associated with differences in foraging
strategies. Among our studied species, the two species known
to prefer more heterogeneous environments (Commerson’s and
Peale’s dolphin) have a relatively longer thorax and anterior torso
that contain more vertebrae; and they have a smaller mid-torso
with fewer vertebrae when compared to species that occupy the
continental shelf (the dusky dolphin) or oceanic habitats (the
hourglass dolphin) which is consistent with our findings (see
Marchesi et al., 2018). The biomechanical significance of a higher
number of vertebrae in a region depends on the morphology
of the vertebra. In regions with disk-shaped vertebrae, a high
vertebral count can enhance stability and store elastic energy
(see Pabst, 1996). On the contrary, in regions with spool-
shaped vertebrae, a higher number of intervertebral joints can
contribute more possible bending sites, thus increasing flexibility
(Buchholtz and Schur, 2004). Accordingly, some species that
are considered coastal (here, Commerson’s dolphin and Peale’s
dolphin) have a greater number of intervertebral joints in
vertebral regions such as the anterior torso (Marchesi et al.,
2018), which showed morphological features associated with
greater flexibility, compared to pelagic species (here, the dusky
dolphin and the hourglass dolphin). Conversely, species that are
considered to occupy offshore habitats have a greater number of
intervertebral joints in regions that are considered highly stable,
such as the mid-torso (Marchesi et al., 2018; Gillet et al., 2019)
presumably contributing further to stability of this region.
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Vertebral morphology of Commerson’s dolphin
(C. commersonii) indicates a high degree of flexibility in
the anterior regions of the body but a high degree of stability in
the posterior regions of the body caudal to the mid-posterior
torso boundary (Figure 4). This particular combination of
features agrees with the ecological plasticity of this species.
A high flexibility of the anterior body could contribute to
capturing benthic prey in shallow waters, allowing a great
diversity of movements and a high potential maneuverability.
The highly stable posterior torso and tailstock would function in
conjunction to produce forces that move the fluke. In addition, a
less flexible tailstock could reduce the dissipation of energy from
the mid-torso to the fluke, by restricting movement between
adjacent vertebrae. This might contribute more efficiency for
swimming long distances when Commerson’s dolphins feed
or locomote in shelf waters. The relatively larger development
of transverse processes in the posterior torso suggest a high
potential for generating force to move the fluke laterally;
simultaneously they suggest a high rotational potential in this
region and toward the caudal end of the body; with a small
portion of the vertebral column participating in rotation and
orientation movements of the fluke.
In the case of Peale’s dolphin (L. australis), greater body
flexibility is linked to increased maneuverability (Marchesi
et al., 2017), which could be beneficial when feeding in
heterogeneous environments (Woodward, 2006). In this species,
flexibility is potentially high in both the anterior and posterior
torso regions, and in the tailstock (Figure 4). The degree
of potential flexibility noted in the anterior body fits the
highly complex and heterogeneous environment that the
species frequents. This flexibility would be translated into a
greater “regionalization” of the vertebral column, with marked
morphological differences from one region to the other, that
would contribute greater movement potential. In this species,
contrasting with Commerson’s dolphin, the mid-torso region
shows high rotational potential, indicating that a large proportion
of the vertebral column participates in movements that change
the position of the fluke. Despite this characteristic, however,
both Commerson’s dolphin and Peale’s dolphin have relatively
high flexibility of the anterior body, and the differentiation of the
torso into morphological sub-regions could signal that a relatively
larger part of the vertebral column is involved in movement to
a greater degree than seen in the other species we studied here.
Osteological features in Peale’s dolphin suggest that it trades-
off speed for maneuverability, the latter of which is a necessary
trait in coastal habitats. Both the kelp beds of Macrocystis
pyrifera where this species is frequently found feeding, and
coastal topography in general pose numerous barriers and
challenges to fast, straight line movements. Moreover, capturing
benthic prey often requires tight turns in limited spaces
that would almost certainly be impaired by a more stable
vertebral column.
In the dusky dolphin (L. obscurus) vertebral morphology
showed a trade-off between a high potential flexibility of the
anterior column, which would probably be required to feed in
shallow waters, and a high stability in the mid-body (torso) that
likely reduces the energy required for moving and feeding in
open shelf waters (see Figure 4). At the same time, the greater
flexibility of the tailstock, not seen in the other three species,
could partially counteract the stability of the torso when feeding
in shallow waters.
The hourglass dolphin (L. cruciger) showed vertebral
morphologies that indicate greater stability than in the other
three species studied here. As in the case of the dusky dolphin,
the hourglass dolphin also showed features that indicate high
stability in the whole middle region, from the thorax-torso
boundary to the end of the mid-torso (Figure 4). In both species,
stability in the mid-body might help reduce recoil movements
and minimize drag forces, whereas long neural processes provide
a mechanical advantage for attached swimming muscles. In
these species, the torso could also be acting as an oscillatory
beam, storing potential energy (Pabst, 1996; Marchesi et al., 2017,
2020a). This elastic energy could complementarily replace some
of the muscle work that is required to accelerate or decelerate
the fluke, functioning as an elastic spring (Pabst, 1996). In
these species, fluke displacement movements that are required
for swimming are produced by flexion of the tailstock, which
oscillates away from a highly stable region. These results are
consistent with propositions made by Fish and Rohr (1999) and
by Fish (2002), who suggested that a more stable body enables
animals to more efficiently move and feed in pelagic habitats.
A body specially adapted toward stability during swimming
would minimize energy expenditure and increase efficiency
in propulsion for prolonged swimming during foraging or
migration (Fish and Rohr, 1999; Fish, 2002). The high stability
of the hourglass dolphin’s skeleton might also reduce the effect
of external forces on the animal’s swimming direction in the
turbulent waters it frequents.
By employing a 3D geometric morphometric method
on cetacean vertebrae, in conjunction with our functional
subdivision of the vertebral column, we demonstrated that
vertebral morphology is distinctive for each species studied
here, with biomechanical implications that likely correspond
to differences in feeding behaviors and habitat associations. In
this study, both vertebral morphology and some biomechanics
patterns suggest a possible evolutionary convergence between
the dusky dolphin and the hourglass dolphin (Figure 1).
The dusky dolphin would be retaining morphological features
from an oceanic ancestor (see Banguera-Hinestroza et al.,
2014; McGowen et al., 2020). The close relationship between
the coastal Peale’s dolphin, with its flexible vertebral column,
and the oceanic hourglass dolphin, with its stable vertebral
column, suggests that the latter species has perhaps re-acquired
ancestral morphological features during speciation. The species
studied here are closely related (McGowen et al., 2020), and
their vertebral columns reflect of plasticity in morphology,
highlighting the importance of environmental complexity in the
particular development of adaptations to minimize energetic
costs according to foraging strategies and particular habitats
requirements. Future studies targeting a larger number of small
odontocete species could reveal the degree of phylogenetic signal
that is present in vertebral morphology, and could further
substantiate whether habitat and foraging strategies influence
morphology in these taxa of aquatic life and axial locomotion.
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